The atomic and electronic structures of Pd3N, PdN and PdN2 were investigated using ab initio density-functional theory (DFT). We studied cohesive energy vs. volume equation of states (EOS) for a set of reported and hypothetical structures. Obtained data was fitted to a third-order Birch-Murnaghan equation of state (EOS) so as to identify the energetically most stable phases and to determine their equilibrium structural parameters and stability and mechanical properties. Electronic properties were investigated by calculating the band diagrams and the total and partial density of states (DOS). Some possible pressure-induced phase transitions were tested. To derive the frequency-dependent optical spectra (i.e. absorption coefficient, reflectivity, refractive index, and energy-loss), we performed G0W0 calculations within the random-phase approximation (RPA) to the dielectric tensor. Obtained results were compared with previous studies.
I. INTRODUCTION
In 2007, Crowhurst et al.
1 reported the synthesis of the new palladium nitride compound and argued for its PdN 2 stoichiometry and pyrite (C2) structure. However, many transition-metal nitrides (TMNs) are known to form more than one nitride 2 , and first-principles methods are commonly employed to search for possible stable phases.
In the present work, we consider Pd 3 N, PdN and PdN 2 stoichiometries in 20 different crystal structures. Equation of states (EOS), structural preferences and thermodynamic stabilities for these three stoichiometric series are analyzed and the equilibrium lattice parameters are determined. Some possible pressure-induced phase transitions are tested. The band-structure and the density of states (DOS) of the relatively most stable modifications are carefully investigated. Obtained results are compared with previous calculations and with experiment. We furthermore present the electronic structure and the GWAderived frequency-dependent optical constants of a highpressure favored PdN candidate, PdN(B24).
This article is organized as follows: the methods of calculations is given in Section II. Obtained results are presented and discussed in Section III. The article is concluded with some remarks in Section IV.
II. CALCULATION METHODS

A. Stoichiometries and Crystal Structures
Considered crystal structures are given in Table I . In this table, Pd m N n modifications are divided, according to the nitrogen content, into four series with n m = 0, 1 3 , 1 and 2. Within each series, structures are then arranged in a descending structural symmetry order, that is from the highest space group number to the least one.
It is interesting to investigate the possibility of formation of Pd 3 N. To the best of our knowledge, this stoichiometry has not been considered before for the Pd-N system, though Ni, which is the first element of group 10 in the periodic table, is known to form Ni 3 N in the hexagonal ǫ-Fe 3 N structure 3 .
B. Electronic Relaxation Details
In the present investigation, electronic structure spin density functional theory (SDFT) 4,5 calculations have been employed using the VASP code [6] [7] [8] [9] [10] [11] . VASP implements the projector augmented wave (PAW) method 11, 12 to describe the core-valence interactions V ext (r), where the 4d 9 5s 1 electrons of Pd and the 2s 2 2p 3 electrons of N are treated explicitly as valence electrons. The PAW potential treats the core electrons in a fully relativistic fashion, while for these valence electrons only scalar kinematic relativistic effects are incorporated 10 . VASP self-consistently solves the Kohn-Sham (KS) equations
where i, k and σ are the band, k-point and spin indices, receptively, by expanding the pseudo part of the KS oneelectron spin orbitals ψ σ,k i (r) on a basis set of plane-waves (PWs). Using PWs cut-off energy E cut = 600 eV and Γ-centered Monkhorst-Pack 14 17×17×17 meshes, the total energy converges to < 3 meV /atom.
While partial occupancies were set using the smearing method of Methfessel-Paxton (MP) 15 in the ionic relaxation, the tetrahedron method with Blöchl corrections [16] [17] [18] was used in the static calculations. The implemented generalized gradient approximation (GGA), as parametrized by Perdew, Burke and Ernzerhof (PBE) [19] [20] [21] was employed for the exchangecorrelation potentials V σ,k XC [n(r)].
C. Geometry Relaxation and EOS
Following the VASP implemented conjugate-gradient (CG) algorithm, ions which possess free internal parameters were relaxed until all force components on each ion were < 0.01 eV /Å. This was done at a set of externally imposed lattice constants. To obtain very accurate and unambiguous total energies, one additional static calculation (as described in Subsection II B) at the end of each ion relaxation step.
The cohesive energy per atom E coh was calculated from
where Z is the number of Pd m N n formulas per unit cell, E Pd atom and E N atom are the energies of the non-spherical spin-polarized isolated pseudo-atom, and m, n = 1, 2 or 3 are the stoichiometric weights. We then fitted 22 the obtained E coh of the relaxed ions as a function of volume per atom V to a Birch-Murnaghan 3rd-order equation of state (EOS) 23 . From the fitting, the equilibrium volume V 0 , the equilibrium cohesive energy E 0 , the equilibrium bulk modulus
and its pressure derivative
were determined.
D. Formation Energy Calculations
Beside the cohesive energy, another measure of relative stability is the formation energy E f . Assuming that palladium nitrides Pd m N n result from the interaction between the N 2 gas and the solid Pd(A1) via the reaction
E f can be given by
Here m, n = 1, 2, 3 are the stoichiometric weights and
) is the cohesive energy per atom as in Eq. 2. The obtained cohesive energy E coh (Pd solid ) and the other equilibrium properties of the elemental metallic palladium are given in Table II . We found (Ref. 24 ) the cohesive energy of the diatomic nitrogen E coh (N gas 2 ) to be −5.196 eV /atom for an equilibrium N-N bond length of 1.113Å.
E. GWA Calculations
In practice, one may get a qualitative agreement between DFT-calculated optical properties and experiment. However, technically speaking, neither KS eigenvalues correspond to true electron removal or addition energies nor their differences correspond to optical (neutral) excitations. To achieve accurate quantitative description of electronic excitations, one needs to go beyond the level of DFT [25] [26] [27] .
Many-body perturbation theory (MBPT) provides an approach that leads to a system of equations, called quasi-particle (QP) equations, which can be written for a periodic crystal as
The QP orbitals ψ QP i,k (r) were taken from the DFT calculations. However, in consideration of computational cost, we used a less dense k-mesh of 4×4×4. The so-called selfenergy Σ(r, r ′ ; ǫ QP i,k ) contains all the static and dynamic exchange-correlation effects, including those neglected in our KS-GGA unperturbed system. In the well-known GW approximation 31 , Σ is given in terms of the the oneparticle Green's function G of the many-body system as
The bare Coulomb interaction v and the dynamically (i.e. frequency-dependent) screened Coulomb interaction W are related via
with ε, the dielectric matrix, calculated within the socalled random phase approximation (RPA).
In the present study, we employed the G 0 W 0 (i.e. single shot GW ) routine in which the QP eigenvalues 29, 30, 32 
are updated only once in the calculations of G, while W is kept at the DFT-RPA level. As implemented in VASP, the head and the wings of ε are constructed from the updated QP eigenvalues using k · p perturbation theory 25, 30, 32 .
F. Optical Spectra Calculations
Assuming that the orientation of the PdN(B24) crystal surface is parallel to the optical axis, all the frequencydependent optical spectra (e. g. reflectivity R (ω), refractive index n (ω), energy-loss L (ω) and absorption coefficient α (ω)) can then straightforwardly be derived from the real ε re (ω) and the imaginary ε im (ω) parts of ε RPA (ω) [33] [34] [35] :
We emphasized here that for one to obtain more accurate optical spectra (i.e., more accurate positions and amplitudes of the characteristic peaks), one should solve the equation of motion of the two-body Green's function G 2 (the so-called Bethe-Salpeter equation) in order to obtain the electron-hole excitations. G 2 can be evaluated on the basis of the G 0 W 0 -calculated one-particle Green's function G and eigenvalues 36 .
III. RESULTS AND DISCUSSION
Cohesive energy E coh versus atomic volume V 0 equation of state (EOS) for the considered modifications of Pd 3 N, PdN and PdN 2 are displayed graphically in Figs. 1, 2 and 3, respectively. The corresponding calculated equilibrium structural, energetic and mechanical properties of these twenty phases and of Pd(A1)are presented in Table II . Modifications in this table are ordered in the same way as in Table I . Our results are compared with experiment and with previous calculations. In the latter case, the calculations methods and the XC functionals are indicated in the Table footnotes whenever possible. To compare and to deeper analyze the obtained equilibrium properties of the three stoichiometries series with respect to one another, the calculated equilibrium properties are depicted graphically in Fig. 4 . All quantities in this figure are given relative to the corresponding ones of Pd(A1) given in Table II . In this way, one will be able to investigate the effect of nitridation on the parent crystalline Pd as well 46 .
A. EOS and Relative Stabilities
In Fig. 1 , the energy-volume EOSs of the seven considered Pd 3 N modifications are displayed. This figure, TABLE II. Calculated and experimental zero-pressure properties of Pd(A1) and of the twenty studied phases of Pd3N, PdN and PdN2: Lattice constants (a(Å), b(Å), c(Å), α(
• ) and β( • )), atomic volume V0(Å 3 /atom), cohesive energy E coh (eV /atom), bulk modulus B0(GP a) and its pressure derivative B ′ 0 , and formation energy E f (eV /atom). The presented data are of the current work (Pres.), experimentally reported (Expt.) and of previous calculations (Comp.). and the values of the equilibrium cohesive energy E coh (Table II and Fig. 4 ) reveal that the Fe 3 N structure (of the Ni 3 N) is the most energetically favored modification, as we expected. However, the rhombohedric RhF 3 phase has a very similar EOS curve before and around the equilibrium, with very close E coh value to that of Fe 3 N. Cubic systems (D0 3 , A15, D0 9 , L1 2 and D0 2 ) seem not to be energetically competing in this stoichiometry.
It is clear that the simple tetragonal structure of cooperite (B17) would be the energetically most stable phase of PdN (Fig. 2) . To the best of our knowledge, this structure has not been considered for PdN in any earlier work, though it was theoretically predicted to be the ground-state structure of the nitrides of the elements surrounding Pd in the periodic lower the cohesive energy of the parent metal.
In Ref. 43 the E(V ) EOS for PdN in the B1, B2, B3 and B4 structures was studied. Within this parameter sub-space, the relative stabilities arrived at in that work agree very well with ours. However, their obtained E coh are more than twice the values we obtained, and the bulk moduli differ considerably (see Table II )! In the studied parameter sub-space of PdN 2 , the marcasite structure (C18) is the most energetically stable. The relative stability of C2 and CoSb 2 phases may be compared with Crowhurst et al.
1 who found PdN 2 in the baddeleyite structure (which is very close to CoSb 2 structure 50 ) to be more stable than PdN 2 (C2).
From a combined theoretical and experimental investigation,Åberg et al. 51 showed that for PdN 2 (C2) both the electronic and the structural degrees of freedom have a strong pressure dependence. They claimed that the EOS cannot be accurately described within the GGA. Earlier calculations showed that PdN 2 (C2) is very soft (see Ref.
22 in 1). These two facts may explain the difficulty we found in relaxing this structure as well as they may explain the considerable differences found with and among the earlier reported structural properties. 
C. Pressure-Induced Phase Transitions
Enthalpy-pressure relations for PdN in some of the considered structures are displayed in Figs. 5. A point at which enthalpies H = E coh (V ) + P V of two structures are equal defines the transition pressure P t , where transition from the phase with higher enthalpy to the phase with lower enthalpy may occur.
Some possible transitions and the corresponding P t 's are depicted in Fig. 5 . From the top subfigure, it is clear that, in this parameter sub-space, B17 structure is preferred at pressures below ∼ 25 GPa, while B1 structure, the most popular structure for transition-metal mononitrides, is favoured at higher pressures. The bottom subfigure reveals that B24 is favored over B17 and B h at pressures higher than 41 GPa. Fig. 4 shows that the bulk moduli of the Pd 3 N phases, except Pd 3 N(Fe 3 N), tend to be lower than that of Pd, while 1:1 nitrides, except (B k ) tend to increase it. Despite the lower V 0 and the lower E coh possessed by the last three PdN 2 phases, they have ∼ 100 GPa lower B 0 than their parent metal. This can be understood only in terms of the increase in the metal-metal bond length (represented by V Pd 0 ).
D. Bulk Modulus and its Pressure Derivative
Upon application of external pressure, the first four Pd 3 N phases, all PdN phases and PdN 2 (C1) phase tend to lower their B 0 . PdN 2 (C2) has the same sensitivity of its parent metal. PdN 2 (C18 and CoSb 2 ) tend to increase their B 0 . Pd 3 N(D0 2 , Fe 3 N and RhF 3 ), however, are far more sensitive to external pressure, and their bulk moduli tend to increase significantly under pressure. (Table II) and and their graphical representation (Fig.  4) reveal that it may be relatively harder to form a 1:1 palladium nitride. 11 displays the real and the imaginary parts of ε RPA (ω) for PdN(B24) and the corresponding derived optical constants within the optical region [∼ (3.183 − 1.655) eV ≡ (390 − 750) nm]. With its nonzero value, it is clear from the absorption coefficient α (ω) spectrum that our G 0 W 0 calculations confirm that B24 is a metallic phase of PdN.
IV. CONCLUDING REMARKS
We have applied first-principles methods to investigate the structural, electronic and optical properties of some possible stoichiometries and crystal structures of the recently discovered palladium nitride.
From the study of the equation of state (EOS), we identified the energetically most stable phases and determined their equilibrium structural parameters. B17 and C18 were found to be the most energetically favored structures in the PdN and PdN 2 series, respectively. Band diagrams and total and partial density of states reveal that PdN(B17 and B24) and PdN 2 (C18) are all metallic.
The considerable differences found with and among the earlier reported structural properties (of PdN and PdN 2 ) may invoke the need for deeper and more expensive calculation schemes such as in Ref. 51 . The more sophisticated GW approach was employed to investigate excitation energies and optical properties of this promising material. The obtained absorption coefficient spectrum confirmed that the high-pressure competing phase PdN(B24) is metallic.
In the present investigation, we have studied a wider parameter sub-space than previous works, and to the best of our knowledge, the present study is the first to propose and to investigate the physical properties of Pd 3 N. If synthesized, Pd 3 N will likely be in the ǫ-Fe 3 N hexagonal structure of Ni 3 N. This Pd 3 N modification is thermodynamically more stable (and thus it is more possible to be synthesized) than all the previously proposed PdN and PdN 2 modifications, and has better cohesive energy than all the previously proposed PdN and PdN 2 (C1) modifications. Compared to all these PdN and PdN 2 modifications, Pd 3 N(ǫ-Fe 3 N) has the shortest Pd-Pd bond length. Moreover, Pd 3 N(ǫ-Fe 3 N) possesses slightly higher bulk modulus B 0 than its parent Pd, and B 0 increases significantly under pressure. Pd 3 N(ǫ-Fe 3 N) preserves the metallic character of its parent Pd. These properties together may make this phase, if synthesized, important to possible high-pressure applications.
